[2] Recently Lei et al. [2008] and Thayer et al. [2008] discovered a solar-terrestrial connection between rotating solar coronal holes and mass density variations in the Earth's thermosphere. Specifically, they found a close correlation between atmospheric mass density measured at 400 km, and both the solar wind speed and Kp index during 2005 and 2006 . They attributed the mass density change to recurrent geomagnetic activity, driven by solar wind high speed streams, that produces a response in thermospheric density through the well-known mechanisms of Joule and particle heating. Since high latitude heating during storms is also known to produce global changes in thermosphere composition [Prölss, 1980] , we investigate whether the periodic variations noted in the solar wind speed and Kp index, produce a detectable signature in thermosphere composition. Such a detectable signature, if present, may also provide some insight into predicting ionospheric variability at similar periodicities.
[3] The F-region ionosphere is highly variable, especially during geomagnetic storms, which can produce large increases and decreases in the F-region electron density. The mechanisms driving these ionospheric changes are still a very active topic of research. The F-region ionosphere is closely coupled to the thermosphere via composition, winds, and electrodynamics, which can all play a major role in producing ionospheric variability [e.g., Buonsanto, 1999; Kintner et al., 2007; Crowley et al., 2006; Crowley and Meier, 2008] . Because of this complexity through the various coupling mechanisms, it is still difficult to specify in real-time, or to predict the ionospheric changes, yet there is a real operational need for such predictions to aid communication, navigation and surveillance systems.
[4] Because electron production is primarily by photoionization of atomic oxygen during daytime, and the loss is proportional to N 2 (and to a lesser extent O 2 ) near the F2 peak, the electron density will be proportional to the local O/N 2 density ratio (when photochemistry dominates). We distinguish herein between the number density ratio at a given location and altitude, O/N 2 , (typically measured with mass spectrometers and more recently with limb scanning spectroscopic imagers) and the column density ratio, designated by Meier et al. [2005] by SO/N 2 (measured with down-looking spectroscopic imagers). The latter quantity was defined by Strickland et al. [1995] as the column density of O above an altitude where the N 2 column density is 10 17 cm À2 . This definition allows a nearly unique relationship between SO/N 2 and the ratio of the OI 135.6 nm emission to the N 2 Lyman-Birge-Hopfield (LBH) band emission, which can be observed by spectroscopic imagers, thereby providing regional or global views of SO/N 2 . The relationship between the two ratios comes about because the column base of 10 17 cm À2 is near the bottom of the photoelectron-excited dayglow layer, at about 135 km. Further, this observed geophysical quantity can be compared directly with model predictions to test our understanding of thermospheric chemistry and dynamics. However, SO/N 2 is only indirectly related to the electron density at any given altitude, and the exact relationship has not been quantified (except for the empirical correlation shown in Figure 6 of Strickland et al. [2001] , which may not be generally applicable.) Geomagnetic storms can produce both increases and decreases in the F-region electron density, depending on latitude, local time, season, and time elapsed since the storm onset. Knowledge of thermospheric composition would help with ionospheric predictions by removing one of the unknowns.
[5] GUVI was launched on the TIMED satellite on December 7, 2001 [Christensen et al., 2003 ]. The satellite is in a 630 km circular orbit and a 74.1 deg inclination, and GUVI provides a detailed multi-spectral view of a 2000 kmwide swath in a fixed local time every 100 minutes. The orbit precesses at a rate of 3°per day. In the imaging mode, GUVI returns data in five ''colors'': H (121.6 nm), O (130.4 nm), O (135.6 nm), N 2 (141.0 -152.8 nm) and N 2 (167.2 -181.2 nm). As noted above, the 135.6 nm and LBH dayside brightness ratio measured in the nadir on the dayside can be used to obtain measurements of the column SO/N 2 ratio [Strickland et al., 1995] . Strickland et al. [2004] reviewed the quiet time disk SO/N 2 distribution measured by GUVI for different seasons. The evolution of the SO/N 2 ratio during the November 2003 superstorm was discussed in detail by Meier et al. [2005] .
[6] For this paper, we present the analysis of GUVI SO/N 2 ratios for 2005, following Lei et al. Figure 1 reveals the well-known quasi-27 day variation of F10.7 due to the solar rotation period, and much shorter period variations in Kp, the solar wind speed and GUVI SO/N 2 ratio. The GUVI data also exhibit a semi-annual variation, with minimum values near December 21st and June 21st. This variation is mainly caused by the latitude and local time sampling of the instrument, as will be shown later, although a contribution may be present from the known semiannual variation of thermospheric composition.
[7] Figure 2 shows the results of a Lomb-Scargle [Lomb, 1976; Scargle, 1982] normalized periodogram analysis that was performed on each dataset, derived and presented in the same manner as Lei et al. [2008] . In 2005, a strong 9-day oscillation is seen in the GUVI SO/N 2 ratio, consistent with variations in both the Kp and solar wind velocity. There is no corresponding 9-day oscillation in the F10.7 index, indicating that it is not the source of the variability seen in the GUVI SO/N 2 ratio.
[8] A similar analysis was performed with the latitude extent of the GUVI SO/N 2 ratio limited to a range of j60°j (see Figure 2e ) and j30°j latitudes (not shown). The relative magnitude of the 9-day oscillation was smaller in each case, indicating that the strongest response was found at higher latitudes. When the GUVI data was limited to a range of j60°j latitude (Figure 2e ), the 9-day oscillation was reduced in magnitude, while other periods became apparent, including 4, 5, 6, 7, 12, and 20 days. However, there was still evidence of the 9-day oscillation even at lower latitudes.
[9] To further investigate the latitude-dependence of this 9-day oscillation, the GUVI SO/N 2 ratio was plotted as a function of latitude and time, as depicted in Figure 3a for Days 0 -100 in 2005. The Kp variation is superposed as a black line (right-hand axis). Figure 3a exhibits the characteristic hemispheric asymmetry expected for northern winter, with highest SO/N 2 values in the northern mid-latitudes. Near equinox (Day 81) the SO/N 2 values are more symmetrical. At higher latitudes in both hemispheres, the SO/N 2 is reduced relative to low and middle latitudes.
[10] There is also a 'scalloping' effect in both hemispheres that recurs every time there is an enhancement in Kp. The ''scalloping'' appears as an incursion of regions of lower SO/N 2 ratio (violet and blue) into the green areas at lower latitudes. It is clearest in both hemispheres near about |50°| latitude. The 9-day periodicity in the SO/N 2 ratio is primarily visible on the polar side of 50°latitude in both the northern and southern hemispheres, and the SO/N 2 ratio is anticorrelated with the Kp index. Closer inspection reveals that in addition to the incursion of the lower SO/N 2 ratios to mid-latitudes, there is also a corresponding enhancement of the ratio at lower latitudes (see days 67, 85, and 96) that is correlated with Kp. The interpretation of the changes in SO/N 2 ratios can be considered similar to those that occur on constant pressure surfaces. Burns et al. [1995] described the different responses when considering changes in the O/N 2 ratio at constant height versus constant pressure surfaces. They demonstrate that on constant pressure surfaces the O/N 2 ratio increases at low-to-middle latitudes while decreasing at high latitudes during geomagnetic storms. We observe this behavior but also demonstrate continuous changes in neutral composition that are correlated with enhancements as well as reductions in geomagnetic forcing. These observations provide the first definitive proof that the processes creating changes in neutral composition occur continuously at all activity levels and all over the world.
[11] When simply considering the dayside SO/N 2 ratio averaged over all latitudes as was shown in Figure 1 , these high latitude reductions and middle latitude enhancements tended to cancel each other. Therefore we have re-analyzed the GUVI SO/N 2 ratio in 10°latitude bands. A bandpass filter was applied to each latitude band of raw SO/N 2 . The band-pass filter was centered at 9 days, with half-power points at 6 and 12 days. The filtered residuals were then plotted as percent perturbations relative to an 11-day running mean value, as shown in Figure 3b .
[12] Note that because of the satellite precession, the GUVI latitude coverage is not uniform throughout the year. Prior to applying the bandpass filter or 11-day running mean, the data gaps are filled by interpolation. To ensure the effects of the interpolation are minimal in the residuals, data are only plotted for days having at least 5 days of real data on either side. Hence the data gaps appear broader in Figure 3b versus Figure 3a .
[13] The dotted curve in Figure 3b shows the Kp index residuals processed with the bandpass filter only. This plot emphasizes the anticorrelation of Kp and SO/N 2 ratio at high latitudes, versus the positive correlation at lower latitudes. It also emphasizes that the effect of the Kp variation is greater at high latitudes (15 -20% increases and decreases) than at low latitudes (5% deviations). It also tends to remove any seasonal bias, and indicates that the SO/N 2 effect is approximately the same percentage in both hemispheres. This result provides the first description of geomagnetically forced periodicities in neutral composition.
[14] While there are some similarities between the result reported here for SO/N 2 ratio, and the atmospheric density analysis reported by Lei et al. [2008] and Thayer et al. [2008] , there are also significant differences. In particular, the thermospheric mass density response appeared to be global, with little difference between high and low latitudes, and well correlated with Kp. In contrast, the SO/N 2 ratio effect is most pronounced at high latitudes, and is anticorrelated with Kp at high latitudes. We therefore discuss what could cause these differences.
[15] Lei et al. [2008] considered three possible sources of the 9-day periodicity in the thermospheric density for 2005: solar flux variability, upward propagating waves from the lower atmosphere, and magnetospheric energy input. They concluded that the source was the magnetospheric energy input, for which Kp is a proxy. They also noted that the magnetic activity is modulated by corotating interaction regions in the solar wind, which in turn are caused by three coronal holes on the sun separated by about 120°of longitude. When Joule and particle heating occur at high latitudes, the heated thermosphere expands and vertical winds are enhanced. Both the expansion and the vertical winds will lead to an increase in the mass density observed by a satellite orbiting at a fixed altitude. While the immediate response tends to occur at high latitudes, the atmospheric pressure tends to equilibrate globally, and corresponding atmospheric expansion occurs at all latitudes within about 3-4 hours [Burke et al., 2007] , which is a much smaller timescale than the 9-day periodicity of interest here.
[16] Thermal expansion will not cause columnar changes in the SO/N 2 ratio since both O and N 2 are equally affected by the increase in scale height. However, upward vertical winds in the lower thermosphere, driven by Joule and particle heating, carry molecular-rich air across pressure levels to higher altitudes. As a result of the uplifted molecular-rich air, the observed SO/N 2 ratio is lowest in the polar regions. Strong trans-polar winds driven by momentum coupling at F-region heights then carry the uplifted parcels towards the nightside of the polar cap, and out to middle latitudes, creating a ''disturbance zone'' in the midnight and early morning sector [Prölss, 1997] . As geomagnetic activity strengthens, the region of reduced SO/N 2 extends to lower latitudes. The region of modified gas on the nightside corotates onto the dayside, where the composition recovers diffusively. Many of these principles were summarized by Mayr et al. [1978] who qualitatively produced the effects using a spectral model. The first General Circulation Model (GCM) simulation to comprehensively reproduce these characteristics was presented by Crowley et al. [1989] , and they were explored in parametric studies by Fuller-Rowell et al. [1994 , 1996 . In an isolated impulsive event, the composition recovers on a timescale of several hours [Burns et al., 2006] . However, with continuous forcing, the recovery can be delayed indefinitely. As the forcing grows stronger or weaker, the region of reduced SO/N 2 ratio correspondingly extends to lower latitudes or retreats to higher latitudes (see Figure 3) . Unlike the density perturbations, the reduced SO/N 2 ratio is not a global effect, and reduced SO/N 2 ratios only extend to the equator during the largest superstorms [e.g., Meier et al., 2005] .
[17] The outflow of air from high latitudes creates a large-scale circulation system. Horizontal winds converge equatorward of the auroral oval, resulting in downward flow. These downward winds carry atomic-oxygen-rich air parcels across pressure levels to lower altitudes, thereby enhancing the SO/N 2 ratio at these latitudes. Again, this process of enhancement is modulated by the changes in geomagnetic activity, and larger enhancements are caused by stronger forcing.
[18] As far as we are aware, this is the first paper to show that the effects of moderate increases in geomagnetic activity are global, and not simply restricted to high latitudes, so that even small changes in the Kp index will produce high latitude depletions and low latitude enhancements in the SO/N 2 ratio and in F-region electron densities. Furthermore, in contrast to model studies of impulse events, these data show for the first time that if the high latitude forcing is continuous the high latitude depletions and low latitude enhancements do not recover.
[19] The ability to predict composition changes may have important advantages for various operational users who currently attempt to predict ionospheric behavior for communication, navigation and surveillance systems. The F-region ionospheric electron density is very sensitive to changes in the local O/N 2 ratio, and the results shown here suggest that it may be possible to predict 9-day depletions of electron density at higher latitudes, and 9-day enhancements at lower latitudes. Such a capability will be investigated separately.
[20] The global response of the mass density observed by Lei et al. [2008] is the cumulative effect of both vertical winds and thermal expansion caused by high latitude heating. At low latitudes, the downwelling acts to reduce the local O/N2 ratio and therefore the density, while thermal expansion acts to increase the density everywhere at CHAMP altitudes. Since the observed density increased everywhere when magnetic forcing increased, this suggests the thermal effect dominates the compositional effect in their results. In contrast, the response of the SO/N 2 ratio described here is caused by vertical winds.
[21] While the results shown in this paper are confined to 2005, a similar analysis was repeated for the 2006 GUVI data, and revealed a similar behavior to that described here. Our analysis shows that in 2006, in addition to the 9-day period found in 2005, an even stronger oscillation is found in the Kp index and solar wind at 7 days, confirming the result reported by Thayer et al. [2008] . Likewise, the GUVI SO/N 2 ratio was also modulated with a 7-day periodicity together with a weaker 9-day periodicity.
